The ability of eukaryotic cells to produce haploid gahomolog nondisjunction at meiosis I but also random metes from diploid precursors depends on key changes segregation of sister centromeres at meiosis II. Meiotic to this scheme, which enable two rounds of chromocohesion fails to persist at centromeres after the first some segregation following only a single round of DNA meiotic division, and sister centromeres frequently sepreplication [9]. Sister chromatid cohesion is generated arate precociously. Sgo1 is a kinetochore-associated during premeiotic DNA replication through meiosis-speprotein whose abundance declines at anaphase I but, cific variants of the cohesin complex, which involves nevertheless, persists on chromatin until anaphase II.
nuclei after the first meiotic division, and a second round taining high levels of Rec8 in the vicinity of centromeres between meiosis I and II. Like MEI-S332, Sgo1 binds of proteolysis appears to trigger the second meiotic division, presumably by cleaving Rec8 that had perto centromeric DNA during both meiotic divisions and might therefore directly protect centromeric cohesin sisted at centromeres.
How cells selectively protect centromeric cohesin from separase activity. from separase at the first meiotic division is not understood. In budding yeast, the ability of centromeric Results cohesin to resist separase is an exclusive property of complexes that contain Rec8. When Scc1 is expressed A Yeast Homolog of MEI-S332 instead of Rec8 during meiosis I, then centromeric as Sgo1 was initially identified in a screen searching for well as chromosome arm cohesion is destroyed by sepmeiotic chromosome missegregation mutants of the fisarase at the first meiotic division [13] . A poorly consion yeast S. pombe. Weakly homologous proteins apserved meiosis-specific protein, Spo13, may be involved pear to exist in all major classes of eukaryotes [22] . in Rec8's protection because reduced, albeit not negligiFission yeast contains two paralogs, Sgo1 and Sgo2. ble, amounts of Rec8 persist at centromeres after the sgo1 ϩ is expressed exclusively in meiotic cells, while first meiotic division in spo13 mutants [10] . It is unclear sgo2 ϩ is expressed in both meiotic and mitotic cells. whether Spo13 itself confers protection because it is
The budding yeast S. cerevisiae contains only a single not concentrated in the vicinity of centromeres (V.L.K.
homolog (YOR073W, and henceforth called SGO1 for and K.N., unpublished data). Furthermore, Spo13 clearly the Japanese word "shugoshin" or "protector"). Sgo1 has other functions that have little or nothing to do with also has limited homology to MEI-S332 from Drosophila protecting centromeric cohesion because spo13 mumelanogaster. Both S. pombe Sgo1 and MEI-S332 are tants are also defective in monopolin function and only required to prevent sister separation between the first undergo a single meiotic division ( [18] , and V.L.K. and and second meiotic divisions, when cohesion between K.N., unpublished data].
sisters is limited to centromere proximal regions. In Drosophila melanogaster, maintenance of sister chromatid cohesion between meiotic divisions depends SGO1 Is Required for Accurate Chromosome on MEI-S332 [19] , a protein that is recruited to centroSegregation during Mitosis meric heterochromatin during prometaphase I and perTo detect the endogenous Sgo1, nine myc epitopes sists there until the onset of anaphase II [20] . A key were fused to its C terminus. Like MEI-S332 in D. melaquestion is whether the localization of MEI-S332 at cennogaster but unlike Sgo1 in S. pombe, the S. cerevisiae tromeres per se confers protection. Any protein that SGO1 gene is expressed in mitotic cells ( Figure 1A ). In protected centromeric Rec8 from separase might be cells containing a monopolar spindle, which are presumexpected to be present at centromeres at the time of ably in G1 to S phase, Sgo1 strongly colocalizes with separase's activation during meiosis I, but not during the spindle pole. Maximum accumulation of the protein the equivalent period of meiosis II or during mitotic diviwas observed in metaphase cells, where the protein is sions. MEI-S332 is, however, also found at centromeres found throughout the entire nucleus. However, Sgo1 during mitosis and meiosis II as well as during meiosis levels were dramatically reduced as cells entered ana-I, suggesting that its mere presence might not confer phase. Chromosome spreads revealed that Sgo1 coloprotection. MEI-S332 may nevertheless have an intimate lalizes with kinetochores throughout most of the cell connection with cohesin because it disappears from cycle except during anaphase, when chromosomes centromeres whenever they lose sister chromatid cohewere completely devoid of Sgo1 ( Figure 1B ). It has been sion, namely at the onset of anaphase during meiosis II previously reported that MEI-S332 also disappears from and during mitotic divisions, but not during meiosis I chromosomes at anaphase [21] . [20, 21] . Whether MEI-S332 regulates the cleavage of To test whether SGO1 is essential, one copy of the Rec8-like proteins during meiosis is not known.
gene was deleted and replaced by a natMX4 marker in Proteins with similar structures and functions to MEIa diploid, and the viability of spores produced from this S332 have hitherto not been detected in organisms other diploid was investigated by tetrad dissection. Noursethan insects, which has cast some doubt as to whether othricin-resistant sgo1⌬ spores gave rise to colonies such proteins have a universal function in protecting efficiently at 23ЊC but poorly at 30ЊC, suggesting that centromeric cohesion in eukaryotic cells. Recently, we SGO1 might have an important, albeit not essential role, have described the identification of a pair of proteins in mitotic cells. To test whether SGO1 is necessary for from the fission yeast Schizosaccharomyces pombe, accurate mitotic chromosome segregation, multiple tet Sgo1 and Sgo2, that are distantly related to MEI-S332 operators were inserted at the URA3 locus 35 kb from [22] . Like MEI-S332, Sgo1 is essential for protecting the centromere of chromosome V in a haploid strain cohesion between sister centromeres between meiotic expressing a Tet repressor protein fused to GFP (URA3-divisions. Proteins related to MEI-S332 and Sgo1 are GFP). Nondisjunction of URA3-GFP foci was observed found encoded in most if not all eukaryotic genomes. in 3.5% of anaphase cells in which SGO1 was deleted, We describe here the identification and characterization while wild-type cells faithfully segregated the URA3 loof a homologous protein (Sgo1) in the budding yeast cus in all cases observed ( Figure 1C ). To investigate Saccharomyces cerevisiae that is essential for the faiththis further, SGO1 was deleted in a strain carrying a ful segregation of chromosomes during both mitosis nonessential marked chromosomal fragment. MAD2 and meiosis I. The S. cerevisiae Sgo1 protein is essential for maintaining sister chromatid cohesion and for reand BUB1 encoding two nonessential kinetochore pro- Figure 2B ). These data imply that SGO1 may be essential for maintaining cohesion between sister less so in the mad2⌬ mutant, and very infrequently in wild-type cells ( Figure 1D ). sgo1⌬ cells were also hypercentromeres between meiotic divisions. To test whether SGO1 is required for the efficient sensitive to the microtubule-destabilizing drug benomyl ( Figure 1E) , with sensitivities as high as either the mad2⌬ biorientation of homologs at meiosis I, we analyzed the distribution of GFP dots in anaphase I cells of sgo1⌬/ or bub1⌬ mutants. These data are all consistent with the notion that SGO1 is important for mitotic chromosome sgo1⌬ diploids homozygous for URA3-GFP. Homologs segregated to the same pole in 23% of such cells (Figure segregation. Interestingly, sgo1⌬ is not synthetic lethal with either mad2⌬ or bub1⌬. However, both benomyl 2D). In addition to maintaining centromeric sister chromatid cohesion between meiotic divisions, SGO1 is resensitivity and chromosome loss was increased in the sgo1⌬ mad2⌬ double mutant, compared to the mad2⌬ quired for efficient biorientation of homologs at meiosis I. The P scc1 -SGO1 diploid also underwent nondisjunction single mutant, suggesting that the missegregation observed in sgo1⌬ cells is not merely a consequence of of homologs at meiosis I and sisters at meiosis II, albeit less frequently than the sgo1 null, presumably due to the loss of spindle checkpoint function. We also investigated whether or not Sgo1 was involved in mitotic sister low levels of Sgo1 still present during meiosis. 
SGO1 Is Necessary to Prevent Precocious Sister Separation during Meiosis
kinetochores are pulled toward opposite poles in mam1⌬ mutants but cannot disjoin due to the persissgo1⌬/sgo1⌬ diploids undergo meiosis and sporulate efficiently but produce spores whose viability is less tence of centromeric cohesion. Chromosome segregation at meiosis I therefore fails to occur in mam1⌬ muthan 5% of those produced by SGO1/SGO1 diploids. Tetrads from sgo1⌬/sgo1⌬ diploids had a highly abnortants and only occurs when centromeric cohesion is destroyed at meiosis II. If SGO1 were required for mainmal distribution of chromosome V (both URA3 loci were marked with GFP). Remarkably, all four URA3-GFP dots taining centromeric cohesion between meiotic divisions, then its inactivation should, like replacement of Rec8 were present in only one of the four spores in 8% of tetrads, implying that loss of Sgo1 function may be deleby Scc1, restore chromosome segregation at meiosis I in mam1⌬ mutants. To test this, we compared the kinetterious to chromosome segregation during both meiotic divisions ( Figure 2A ). The chromosome missegregation ics of nuclear division in wild-type, mam1⌬ single mutant, sgo1⌬ single mutant, and mam1⌬ sgo1⌬ double observed in sgo1⌬ cells is not merely a consequence of prior abnormal mitotic divisions, since driving SGO1 mutant cells ( Figure 3A ). sgo1⌬ mam1⌬ double mutant, but not mam1⌬ single mutant, cells underwent two meiexpression with the mitotic specific SCC1 promoter also resulted in meiotic chromosome missegregation, albeit otic divisions whose kinetics were similar if not identical to that of the sgo1⌬ single mutant. Note that both sgo1⌬ somewhat more weakly than the deletion strain.
To address whether SGO1 is required for the cosegsingle and sgo1⌬ mam1⌬ double mutants proceeded through meiosis somewhat more slowly than an isogenic regation of sister centromeres at meiosis I, we analyzed the segregation of URA3-GFP dots in a sgo1⌬/sgo1⌬ wild-type strain, with tetranucleates forming in only 50%-60% of cells after 12 hr of sporulation. The onset diploid in which only one of the chromosome V homologs was marked with GFP. As in wild-type, sisters usuof nuclear division, the appearance of metaphase I spindles, as well as the accumulation and degradation of ally segregated to the same pole at anaphase I in sgo1⌬ cells ( Figure 2B) . A small fraction of anaphase I binuclePds1 and Rec8 in nuclei and on chromosome spreads, respectively, were delayed in cells lacking Sgo1 (Figures ates contained GFP dots at opposite poles (6%). This low level of equational segregation at meiosis I is pre-3A, 4A, and 4B). Premeiotic DNA replication was also delayed compared to the wild-type, as monitored by sumably not simply due to prior aneuploidy in sgo1⌬ mutants, since the homozygous diploid containing the FACS analysis (data not shown). In wild-type cells, bipolar meiosis I spindles elongate P scc1 -SGO1 construct also displayed a similar level of equational segregation (8%).
immediately after the disappearance of Pds1 from nuclei; cleavage of Rec8 along chromosome arms resolves Remarkably, two separate URA3-GFP dots were observed in 26% of anaphase I cells in sgo1⌬/sgo1⌬ dipchiasmata and triggers the first meiotic division. As a consequence, wild-type cultures possess very few cells loids, which implies that sister centromeres separate precociously despite having cosegregated to the same with low levels of Pds1 and short bipolar spindles ( Figure  3B ). In contrast, mam1⌬ mutant cultures possess large pole at meiosis I. Analysis of tetranucleates containing , and P scc1 -SGO1 (K12311) cells, with both URA3 loci marked with GFP, were sporulated on plates. Four-spored asci were scored for the presence of GFP dots in each of the four spores (n ϭ 100). sgo1⌬ asci frequently contained one, two, or even three spores in an ascus that was devoid of URA3-GFP. Chromosome missegregation was also observed in P scc1 -SGO1 asci though less severely than in the null mutant. (B) Wild-type (K8925), sgo1⌬ (K12136) and P scc1 -SGO1 (K12310) diploid cells, containing heterozygous URA3-GFP as well as Pds1-myc18 and Rec8-HA3 epitope-tagged proteins, were sporulated in liquid culture, and samples were taken for in situ immunofluorescence staining. Anaphase I cells, identified as containing two DNA masses, an elongated spindle, and low levels of Pds1-myc18 (not shown), were scored for the presence of URA3-GFP that had segregated reductionaly or equationally along the spindle (n ϭ 100). In the case of reductional segregation of URA3-GFP, the presence of one or two GFP signals (indicating sister splitting) was also scored. (C) As in (B), except URA3-GFP segregation was scored in anaphase II tetranucleates, containing two elongated spindles and low Pds1 levels (not shown). Sister disjunction was scored irrespective of whether URA3-GFP signals were observed on the same or on different spindles. (D) Wild-type (K10376), sgo1⌬ (K12059), and P scc1 -SGO1 (K12311) diploid cells containing homozygous URA3-GFP as well as Pds1-myc18 and Rec8-HA3 epitope-tagged proteins were sporulated synchronously, and samples were taken for in situ immunofluorescence staining. Anaphase I cells were scored for the presence of URA3-GFP signals that had segregated to opposite poles (homolog disjunction) or to the same pole (homolog nondisjunction) (n ϭ 100).
numbers of such cells. They also accumulate higher the delayed elongation of bipolar spindles of mam1⌬ mutants and permits them to undergo meiosis I chromonumbers of cells with metaphase I-like spindles ( Figure  3A) . Both phenotypes are thought to be caused by persome segregation soon after separase activation. If these effects were due to a failure of sgo1⌬ mutants sistent centromeric cohesion preventing a fully equational division at meiosis I in mam1⌬ mutants. The sgo1⌬ to protect centromeric cohesion from separase at meiosis I, then many, if not most, sister centromeres as obmam1⌬ double mutant resembled the sgo1⌬ single mutant in these two regards. Accumulation of cells with served by using heterozygous URA3-GFP should segregate to opposite poles in sgo1⌬ mam1⌬ double mutants metaphase I-like spindles resembled that of sgo1⌬ single mutant ( Figure 3A) . Furthermore, most cells with at meiosis I. Such equational segregation never occurs in wild-type or in the mam1⌬ single mutant at meiosis bipolar spindles contained high levels of Pds1 ( Figure  3B ). These data imply that deletion of SGO1 abolishes I but in 41% of sgo1⌬ mam1⌬ double mutant cells. It is 
Sgo1
Colocalizes with Kinetochores chores immediately after the first meiotic division. Sgo1-myc9 was also visible in all binucleate spreads containing during Meiosis I and II To investigate whether Sgo1-myc9 is associated with four SPBs (Figure 6D ). Sgo1-myc9 was frequently, but not always, found in the vicinity of SPBs in such cells chromosomes and, if so, whether it is associated with centromeres, we analyzed its distribution in chromo-(compare upper and lower panels of Figure 6D Chromosome manipulation experiments in grasshoppers suggested that the signal triggering the resolution (Figures 6B and 6C) . Unlike the meiosis-specific kinetochore protein Mam1, Sgo1 is not removed from kinetoof chiasmata at the onset of anaphase I must be identical Proteins with a common structure to Sgo1 and MEIOne might have imagined that any protector of Rec8 would be present during meiosis I but absent during S332 can be found encoded in most eukaryotic genomes, with the only exception being E. cuniculi, which meiosis II. Sgo1 in S. pombe does appear to have this property. However, alteration of its 3ЈUTR leads to accupossibly arose due to secondary loss rather than representing an ancestral state. If these proteins are true mulation of the protein also during metaphase II without compromising sister chromatid disjunction at anaphase orthologs, then they should share not only structural but also functional properties. It is for this reason that II [22] . Furthermore, both MEI-S332 in D. melanogaster and Sgo1 in S. cerevisiae are present at centromeres investigation of the Sgo1 ortholog in S. cerevisiae is of particular importance. during both metaphase I and metaphase II. There are two potential explanations for this conundrum. First, it Our findings suggest that the Sgo1 protein in S. cerevisiae does indeed share many properties with MEIis conceivable that the mere presence of MEI-S332-like proteins at centromeres is insufficient to confer Rec8 S332. Both proteins prevent precocious separation of sister centromeres and their random segregation at meiprotection. The state of Sgo1/MEI-S332 at centromeres or indeed some other property of centromeres may differ osis II [19] . They bind to centromere proximal regions during meiosis I and only disappear from chromosomes in a fundamental manner between meiosis I and meiosis II. A second explanation is that the Sgo1/MEI-S332 prowhen sister centromeres lose cohesion at anaphase II [20] . They are also both expressed in mitotic cells [21] . tein present at meiosis I and meiosis II have very different fates. One clear difference is that the former persists Whereas MEI-S332's contribution to mitotic chromosome segregation appears quite modest, Sgo1 in S.
after the onset of anaphase I, while the latter disappears at the onset of anaphase II. This raises the possibility cerevisiae has an important, but not essential, role. Chromosome loss and gain is greatly elevated in yeast that removal of Sgo1 around the time of separase activation during meiosis II might actually be required for sgo1 mutants, which results in high levels of aneuploidy. Another notable difference is that Sgo1 in yeast appears cleavage of centromeric Rec8. If so, then a key question arises as to why Sgo1 disappears from cells at the onset to have a greater role during meiosis I chromosome segregation than does MEI-S332. In summary, both of anaphase in mitotic cells and at the onset of anaphase II, but not at the onset of anaphase I. Given that it disapSgo1 and MEI-S332 have roles during mitosis and meiosis I as well as in protecting centromeric cohesion until pears at metaphase to anaphase transitions, it is not inconceivable that Sgo1 is destroyed by the APC/C duranaphase II. They differ in this regard from Sgo1 in S. pombe, which appears to be exclusively involved in proing anaphase II. If so, some meiosis I-specific factor must prevent its destruction at the equivalent point durtecting centromeric cohesion and only required for meiosis II chromosome segregation [22, 32] . Unlike S. cereing meiosis I. One candidate for such a factor is the Spo13 protein, which is present during meiosis I and visiae and Drosophila, the S. pombe proteome contains a second MEI-S332 ortholog, namely Sgo2, which like S.
important for the persistence of Rec8 at centromeres after the first meiotic division but is absent during meiocerevisiae Sgo1 is expressed in both mitotic and meiotic cells and has an important function during meiosis I. sis II ( [10] , and V.L.K. and K.N., unpublished data). There is furthermore some evidence that Spo13 might regulate However, Sgo2 is not involved in protecting centromeric cohesion [22, 
